Introduction
Modulation transfer function (MTF) describes the spatialfrequency response of an image-forming system. Widespread use of staring focal-plane arrays (FPAs) has motivated a variety of instrumentation approaches for measuring their MTFs. To date, most techniques for measuring the MTFs of FPAs have involved imaging bar targets, sinusoidal targets, or knife edges.13 These deterministic methods were originally used for measuring the MTFs of continuous-imaging systems. When FPAs that have discrete elements sample the images of such targets, the output depends on the phase of the target image with respect to the structure of the sampling array. 46 The extended knife-edge test3'7 has been suggested as an approach to this phasing problem. A superresolution scan can be created if the knife edge is precisely oriented in angle with respect to the pixel columns. One disadvantage of these approaches is that the use of any small target, such as a knife edge, line source, or point source, will characterize the MTF based on the response of a limited region of the sensor rather than the entire array. In addition, the use of any imaged target for FPA testing is complicated by the fact that the MTF of the imaging optics must be considered.
Previous work8'9 has demonstrated the feasibility of using laser speckle for MTF characterization of FPAs . The main advantages ofthis approach are that the entire array is tested, there is no lens required for target projection, and that the speckle is randomly positioned with respect to the FPA structure. The work in Refs. 8 and 9 used laser speckle patterns with a wide spatial-frequency content. This restricted the method to spatial frequencies below the Nyquist frequency, to avoid aliasing. In this paper, we generate speckle that is tunable and narrow band. This allows the MTFs of FPAs to be measured out to twice the Nyquist frequency. Any method for measuring FPA MTF by targets larger than one pixel requires that the response of the detectors be corrected for gain and offset variations. The residual vanation of detector response produces a baseline noise10 that ultimately limits the precision of the measurement.
2 Instrument Design Figure 1 shows the layout of the instrument. Laser radiation is diffusely reflected from the interior surfaces of the integrating sphere. Radiation reaching the output port of the sphere is of uniform irradiance9 and has a phase that is uniformly distributed between 0 and 2'rr. The radiation passes through the aperture, which determines the spatial-frequency content of the speckle pattern that falls on the FPA. The coherent radiation that illuminates the aperture is of uniform irradiance, monochromatic, and of spatially random phase. The polarizer that follows the aperture makes the resulting laser speckle linearly polarized. These conditions ensure that the spatial-frequency power spectral density (PSD) of the speckle irradiance on the FPA is proportional to the autocorrelation ofthe aperture transmission function, plus a delta function at zero frequency . 12 The MTF of the FPA can be calculated, because we know the PSD of the input speckle pattern, and an accurate estimate of the output PSD can be made from the FPA response. The relationship among the PSDs and the MTF is PSDout(,'q) = [MTF(,1)]2 PSDin(,'q) (1) where and i are the spatial frequencies in the x and y directions. We are often concerned with measuring one profile of the MTF at a time. Assuming that PSDin is a separable function, Eq. (1) can then be written with only a dependence, and PSD1() is then attenuated by MTF().
In Ref. 8, a square aperture was used, which produced a PSD with a triangular shape. To avoid aliasing, the cutoff frequency of PSD1 was set to the spatial Nyquist frequency of the FPA, which for detectors with a center-to-center spacing /.x is Ny 1/(2ZX The current configuration uses an integrating sphere with a double-slit aperture, which generates laser speckle with a PSD1 that is narrow band, tunable, and of constant magnitude. Ambiguities usually caused by aliasing are avoided by the use of a narrow-band input. A tunable, constantmagnitude input also facilitates high-frequency MTF measurements, because the input signal strength is not a decreasing function of .
In the visible spectrum, we used a Spectra-Physics 165
argon laser with an intracavity etalon as the radiation source.
The wavelength was 5 14 nm, with an output power of 200 mW. In the near infrared, we used a Spectra-Diode Labs SDL-5410-H1 laser diode at 848 nm with an output power of 100 mW. This laser has a linewidth of approximately 0.024 nm. The data shown in this paper are those taken using the argon laser, however the data taken using the near-infrared laser are comparable . A 25 .4-mm-diam integrating sphere, with a diffuse white surface, was used for both wavelengths. When Ny , the laser wavelength X , and the dimensions of the output port of the integrating sphere are known, the aperture dimensions can be specified. The maximum aperture dimensions are determined by the size of the output port of the integrating sphere, under the requirement of uniform aperture illumination. The spatial frequency of any particular feature in the power spectrum scales as : Xz where x is the corresponding aperture dimension and z is the distance from the aperture to the observation plane.
An Electrim 1000 CCD camera was used in these experiments. The pixel spacing in the horizontal direction is 13.75 rim, which gives a Nyquist frequency of 36.36 c/mm. The detector array in this camera is 192 (horizontal) by 165 (vertical). Commercial CCD cameras designed for video applications often contain an antialiasing filter in the electronics, which attenuates the MTF at frequencies approaching Ny. The Electrim camera electronics did not contain such a filter, and thus was particularly well suited for demonstration of MTF measurements at frequencies past Ny.
2.1 Narrow-Band Aperture Let P(x,y) be the transmission function of the aperture. 
where * is the convolution operator, li and 12 are slit dimensions, and L is the slit spacing. Using the method of Refs. 1 1 and 12, the PSD1 of the irradiance of the speckle at the FPA can be written as a delta function at dc added to the normalized autocorrelation of P(x,y). The function in Eq. (3) is separable in x and y. The one-dimensional PSD() is the q =0 profile of PSD(q). The onedimensional input PSD can be written as In Eq. (4), tri(x) = 1 -IxI for IxI 1 and zero elsewhere, and (j)2 the square of the average speckle irradiance. Figure 3 shows this one-dimensional input PSD along the direction, consisting of a baseband triangle centered at dc and sideband triangles centered at the carrier frequencies, = L/(Xz).
The features in the power spectrum scale with z, as indicated by Eq. (2) . As the FPA is moved toward the aperture and z is decreased, the sideband triangles move toward higher frequencies and the base of all the triangles expand. At aperture-to-FPA distances in which the sideband triangles are located above Ny the triangles are aliased symmetrically about Ny into lower frequencies. Because the location and the limits of the spatial frequencies in the speckle are known, there is no ambiguity about whether or not any particular data set is aliased. The high-frequency limit of the test is set, as z is decreased, by the point at which the sideband triangles, aliased into lower and lower frequencies, begin to overlap the baseband triangle. This occurs just before 2Ny. The method by which the MTF is calculated from the raw data is described in Sec. 3.
Extended-Frequency Aperture
The concept of driving an optical system with a wideband random input, as a method for finding the system response, was initially limited by the lack of a random chart whose spatial-frequency content was constant over a sufficiently wide 13 When used in the instrument shown in Fig. 1 , the aperture shown in Fig. 4 generates laser speckle with a constant frequency content over an appreciable range of frequencies. This aperture is not separable in x and y. A numerical calculation of the two-dimensional PSD of the resulting speckle is shown in Fig. 5 . A one-dimensional profile of the PSD is shown in Fig. 6 . The frequency limits of PSD1 are related through Eq. (2) to the geometry of the aperture. PSDm is constant for M/Xz < <(L -21i)/Xz, where M and L are the minimum and maximum slit spacings.
3 Data Processing 3.1 Narrow-Band Aperture A representative sample of the speckle detected by the array, using the aperture in Fig. 2 , is shown in Fig. 7 . The data exhibit both random phase and narrow spatial-frequency content. Speckle data were collected at 60 aperture-to-FPA distances ranging from 45 to 2120 mm. Each horizontal row of data is a single observation of an ergodic random process. The magnitude squared of the one-dimensional discrete Fourier transform (DFT) of each row gives a single estimate of the one-dimensional power spectrum, PSD0(). These spectra are ensemble averaged over the number of rows of detectors in the FPA to reduce the noise inherent in PSD estimates from finite-length data sets, and thus produce a more accurate estimate of PSD0(). Figure 3 and Eq. (4) illustrate that the baseband triangle centered at zero frequency has twice the amplitude of the sideband triangles. The height of the sideband triangles is attenuated by the FPA MTF at the frequency where they are located. The baseband triangle peak can be normalized to 1 . We can determine the amount of attenuation caused by the FPA MTF by comparing the (unattenuated) peak height of the baseband triangle with the peak height of a sideband triangle. However, the value at the peak of the baseband triangle is masked by the delta function at dc, as seen in Eq. (4).
We excise the delta function by inverse Fourier transforming the average power spectrum PSD0() to obtain an average autocorrelation R(x). In this domain, the zerofrequency delta function in the PSD is now a constant offset and is the minimum value of R(x). We subtract this minimum value and retransform to yield PSD0() with the delta function at dc excised. This leaves the dc value of the baseband triangle intact and allows the MTF to be correctly normalized to 1 at =0.
When a DFT is performed on a data set of length N, the Nyquist frequency appears at the N/2 component of the DFT output. A ratio can be formed to evaluate the spatial frequency that corresponds to the n'th component as =! We can unfold the aliased frequencies and plot PSD0 from zero to 2Ny. We plot two representative (positive-frequency) profiles of PSD0() in Fig . 8 , which are ensemble averages over the 165 rows of data contained in a single frame. The Unaliased spatial frequencies (solid line) are noted along the horizontal axis from zero to Ny and the aliased frequencies (dotted line) are noted, below their low-frequency aliases, from Ny to 2Ny. Because we know the spatial frequency of the input from Eq. (2) on the MTF curve at frequencies that are one triangle width removed from Ny are not affected by overlap. This effect is not a problem near dc, because for low frequencies, the width of the triangles has decreased enough to prevent overlap between the zeroth DFT component (dc) and the first DFT component. During collection of the data, the approximate apertureto-FPA distance was recorded. Displacements from the desired distance, or a slight tilt in the aperture-to-pixel column alignment can shift the triangle peak. The approximate distance and Eqs. (1) and (2) are used to search for the peak as a local maximum in the transform components. Because each component in the DFT can be associated with a specific spatial frequency, we can determine the spatial frequency at which the peak occurs, to within the resolution of the DFF. The procedure of frequency determination is essentially self-calibrating.
The processing of the two-dimensional data can be done in a similar manner. Figure 9 shows a sample of the twodimensional speckle data. Because the aperture (Fig. 4) is not separable in x and y, neither the speckle data nor the PSDs are separable in and 'q. Two-dimensional DFTs of the data must be performed and the two-dimensional power spectra must be averaged. An example of PSD0 (,'r) is shown in Fig. 10 as a two-dimensional top view. This output spectrum is the response of the FPA to the PSD1 shown in Figure 10 is an average of the two-dimensional spectra from 50 frames of speckle data.
The PSD0() is seen to be attenuated by MTF(). The PSD1 is constant over a range of frequencies, so data about the squared MTF over that range are obtained directly from the shape of PSD0. However, there is a penalty in the signal-to-noise ratio compared to the narrow-band case, because a given amount of laser power is now spread over a range of spatial frequencies, rather than being concentrated at a single frequency. A profile of MTF could be calculated from these data, but more frame averaging would be needed to obtain useful results. We have demonstrated the use of laser speckle for measuring the MTF of detector arrays from dc to 1 .6 times Ny. Our results are within 2% of those from a standard sine-wave measurement. The method is essentially self-calibrating in that the spatial frequency for any data point is a measured value. Because the optical path contains no imaging optics, the method measures the MTF of the FPA directly. This method produces a test target that is randomly phased with respect to the FPA structure and is applicable over a wide range of wavelengths.
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FPA is presented in Fig. 1 1 (solid line) . The data points are shown along with a third-order polynomial fitted to the points. These measurements were made with the narrowband aperture. To compare our MTF results for the FPA with results from sine-wave testing (which requires the use of an imaging lens), we obtained the MTF for the imaging lens using an Ealing Eros MTF analyzer. The lens and the FPA were then used to measure the system response by imaging precision sinusoidal test targets from a commercial transparency.14 The MTF at each frequency was calculated as This comparison is seen in Fig. 11 . The curves agree to within 2%. The narrow-band speckle MTF method measured the MTF of the FPA to 1.6 times Ny. 
